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ABSTRACT

Physical and biogeochemical processes in continental shelves act synergistically in both transporting and
transforming suspended material, and ocean dynamics control the dispersion of particles by the coastal zone
and their subsequent mixing and dilution within the shelf area constrained by oceanic boundary currents,
followed by their gradual settling in a complex sedimentary scenario. One of these regions is the Cabo Frio
Upwelling System located in a significantly productive area of Southeastern Brazil, under the control of the
nutrient-poor western boundary Brazil Current but also with a wind-driven coastal upwelling zone, inducing
cold-water intrusions of South Atlantic Central Water on the shelf. To understand these synergic interactions
among physical and biogeochemical processes in the Cabo Frio shelf, a series of four experiments with a total
of 98 discrete samples using sediment traps was performed from November 2010 to March 2012, located on
the 145 m isobath on the edge of the continental shelf. The results showed that lateral transport might
be relevant in some cases, especially in deep layers, although no clear seasonal cycle was detected.
Two main physical-geochemical coupling scenarios were identified: singular downwelling events that can
enhance particles fluxes and are potentially related to the Brazil Current oscillations; and events of significant
fluxes related to the intrusion of the 18°C isotherm in the euphotic zone. The particulate matter settling in the
Cabo Frio shelf area seems to belong to multiple marine and terrestrial sources, in which both Paraiba do Sul
River and Guanabara Bay could be potential land-sources, although the particulate material might subject
intense transformation (diagenesis) during its trajectory to the shelf edge.

Key words: sediment traps, bulk geochemical composition, Cabo Frio Upwelling System, particle flux,
Southeastern Brazilian shelf.
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INTRODUCTION

Continental margins play a key role in linking land
and ocean as a pathway for the transportation and
transformation of organic and mineral particles from
diverse sources (Schmidt et al. 2010). Although the
continental shelf represents only a small fraction
of the total ocean area, its margins contain the
estuarine, coastal, shelf, shelf-edge and shelf-slope
realms, each of which are prone to great spatial and
temporal variability in the distribution, transport,
transformation and, ultimately, sedimentation of
pelagic inorganic and organic particles. Coastal
particulate materials are supplied by autochthonous
sources, such as primary producers and associated
biological carbonate formation throughout the
trophic web, as well as allochthonous sources, such
as continental run-off; coastal erosion; and coastal,
shelf-edge and eddy upwelling and resuspension,
supplying different mixes of nutrients and particles
to the shelves (Mantoura et al. 1991).

Physical, chemical and biological processes act
synergistically on both the transport and transforma-
tion of suspended particulates, affecting the
geochemical bulk composition and density as well as
altering the physical, chemical and biological particle-
water interactions through different processes,
including flocculation, aggregation, desorption and
adsorption (Turner and Millward 2002). Ocean
dynamics control the dispersion of particles by
riverine plumes and their subsequent mixing and
dilution within coastal and oceanic boundary currents,
followed by their gradual sedimentation within the
shelf area. All of these sources and processes operate
according to their own temporal and spatial constraints,
creating a complex scenario for understanding the
origins and fates of suspended particles at the ocean
margin and their fluxes to the ocean floor (Liu et al.
2010, Schmidt et al. 2010).

The magnitude and temporal variability of
particle fluxes have been evaluated in different
oceanic environments all over the world through
the use of sediment traps (Honjo et al. 2008).
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However, on the southwestern Atlantic margin,
only a few studies have used this tool and then
only in short-term experiments (Knoppers et al.
1996, Jennerjahn et al. 1999, 2010, Jennerjahn and
Ittekkot 1999). Although the importance of these
studies is irrefutable, there are still several open
questions, mainly regarding how physical forcing
and particulate fluxes are coupled and how climate
forcing may seasonally affect the sources and fluxes
of particles on the shelves.

One of the most productive areas of the eastern
South American margin is the Cabo Frio Upwelling
System (CFUS) (Jennerjahn et al. 2010). Despite its
location on a passive margin under the control of the
nutrient-poor western boundary current, the sea surface
temperature and chlorophyll concentrations in the
CFUS area reveal a dynamic, complex oceanographic
system controlled by interactions among instabilities
of the southward trajectory of the oligotrophic Brazil
Current (BC) (Silveira et al. 2008, Belem et al. 2013),
wind-driven coastal Ekman transport (Valentin 1984,
Carbonel 2003, Castelao and Barth 2006), mid-shelf
eddy-induced cold-water intrusion of South Atlantic
Central Water (SACW) to the photic zone (Brandini
1990, Campos et al. 2000, Calado et al. 2010) and
mid-shelf thermal fronts (Castro et al. 2008), leading
to a heterogeneous pattern of primary productivity
(Franchito et al. 1998, Lopes et al. 2006), recycling
and transport of particulate material on the shelf.
Understanding these synergic interactions among the
physical and biogeochemical features in the CFUS is
crucial to identifying particle sources and determining
the extent of recycling or reworking as well as
predicting whether the material will be deposited on
the sea floor or exported to the deep ocean.

The importance of riverine inflow on the
shelf has been neglected both as a stimulator of
CFUS productivity and as a supplier of suspended
particles. However, the role of the medium-
sized mesotrophic Paraiba do Sul River (PSR)
and plumes originating in the Guanabara Bay
as potential sources of dissolved and particulate
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matter to the Cabo Frio shelf has been debated
in the literature (Valentin et al. 1978, Kahler and
Voss 1996, Knoppers et al. 1996, Oliveira et al.
2012), and it is still poorly understood. The aim
of the present study is to provide insight into the
variability of the total and organic particulate
matter fluxes and sources on the edge of the Cabo
Frio continental shelf Upwelling System and to
investigate the mechanisms underlying the sources
and transport of particles on the shelf. To assess
these goals, two sediment traps in a fully equipped
oceanographic mooring line were deployed from
November 2010 to March 2012 on the 145 m
isobath edge of the continental shelf of the CFUS.
This
opportunity to collect data from moored sediment

experiment provided an unprecedented
traps on the southwestern Atlantic margin for more
than one year and allowed us to evaluate the impact
of physical dynamics on biogeochemical processes.

MATERIALS AND METHODS
OCEANOGRAPHIC SETTINGS

The Cabo Frio Upwelling System (CFUS),
located off the coast of Brazil, is unique on the
southeastern continental margin because it is
marked by a sudden change of the orientation of
the coastline from north-south to east-west. The
adjacent continental shelf and margin mimics the
coastline orientation change in its geomorphological
1A). Moreover,
regional physiographic particularities, the Cabo

configuration (Figure due to
Frio region can be considered an oceanographic,
sedimentological and biological boundary, marked
by the change of the axis of the Brazil Current (BC)
and its geostrophic adjustment to the edge of the
continental shelf south of Cabo Frio (Moreira da
Silva 1973, Valentin and Kempf 1977). This region
is also particularly well known for the occurrence of
upwelling events focused on the Cabo Frio and Cabo
de S3o Tomé coastal points, where the cold and
nutrient-rich South Atlantic Central Water reaches

the surface, while the offshore region is dominated
by the BC, which carries warm and nutrient-poor
tropical water.

Northeasterly winds that favor upwelling
predominate during spring and summer for long
periods of days, which can be associated with
surface cold-water events near the Cabo Frio coast
(Franchito et al. 2008). However, the presence
of South Atlantic Central Water (SACW) on the
shelf enriches the water column with nutrients,
significantly affecting the productivity of regional
fisheries (Matsuura 1996). In addition, the balance
between the BC poleward flow carrying warm
and nutrient-poor water on the shelf edge and the
cold and nutrient-rich water in subsurface layers
is synergistically controlled by other mechanisms,
including variations in the topographically induced
flow around the cape (Rodrigues and Lorenzetti
2001); the instabilities of the Brazil Current,
with its meanders sometimes invading the shelf
area (Campos et al. 2000); and the enhanced
vertical transport driven by wind stress curl over
the midshelf (Castelao and Barth 2006, Castelao
2012). Thus, the region off the coast of Cabo Frio
represents a special oceanographic gradient from
the classical coastal Ekman upwelling to a typical
oligotrophic western boundary current (Belem et al.
2013) and is considered a hot spot of productivity
on the southeastern Brazilian shelf.

The oceanography of the Cabo Frio region is
marked by the occurrence of the following three
main water masses: the warm and low-salinity
coastal water at the surface of the inner shelf (CW:
>15°C; salinity, 32-34; <50 m depth), resulting from
the dilution of oceanic waters within the continental
drainage area; the warm and salty tropical water at
the surface in the outer shelf (TW: 24-28°C; salinity,
~37; 0-200 m depth), which comprises the southward
branch of the Brazil Current (BC); and the South-
Atlantic Central Water (SACW: <18°C; salinity, 35-
36.4), located almost constantly at the shelf bottom
and periodically upwelled to the surface or subsurface
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Figure 1 - (A) Study area offshore of Cabo Frio on the southeastern Brazilian Shelf. The mooring site is marked with a
white circle. (B) T-S diagram from World Ocean Data Center, showing the distribution of T-S pairs in the upper layer on the
region from 5 to 300 m. See text for details. (C) Cross-shelf view of the Cabo Frio Upwelling System showing the thermal
structure along the water column, the inner, mid- and outer shelf compartments and the position of the mooring site. Depth

data are from ETOPO-2.

(Aidar et al. 1993, Franchito et al. 2008, Calado et al.
2010) (Figure 1B). The interaction among these three
water masses, coupled with a complex pattern of flow
that is also marked by the meandering of the CB, is
responsible for the sedimentation patterns on the
Southeastern Brazilian Continental Margin (SEBCM)
(Mahiques et al. 2004).

Moreover, the CFUS is formed by three
interacting compartments, as observed through
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its
particle transport and settling (Figure 1C). These
compartments can be described as follows: (1) The
coastal upwelling area, represented by a narrow, near-
shore area in the inner shelf, where the northeasterly
prevailing winds favor the Ekman transport of surface
waters (CW and TW) and result in a typical coastal
upwelling mechanism that provides SACW to the
surface close to the coast (Moreira da Silva 1973,

cross-shelf section, producing effects on
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Valentin and Kempf 1977, Valentin 1984, Franchito
et al. 2008). Typically, the highly productive coastal
upwelling plume is advected southwestward,
following the coastline (Lorenzetti and Gaeta 1996);
(2) The mid-shelf area — this wide area covers the
entire mid-shelf and is dominated by the effects of
wind curl (Castelao and Barth 2006), thermal fronts
(Castro et al. 2008) and small eddies induced by the
meandering of the BC (Silveira et al. 2008, Calado et
al. 2010). Although the upwelling of the SACW does
not occur on the mid-shelf, it potentially intrudes into
the photic zone, producing biogeochemical effects,
such as enhancing primary production; (3) The outer
shelf area, where the dominant mechanism is the
mesoscale regional dynamics of the internal front
of the BC and the breaking of internal waves and
tidally induced vertical displacements (Pereira and
Castro 2007). Despite the fact that the CFUS is one
of the most studied environments of the Brazilian
coast, the majority of the biological studies have
been restricted to the inner shelf (Moreira da Silva
1973, Valentin and Kempf 1977, Valentin 1984,
Knoppers and Moreira 1990, Gonzalez-Rodriguez
et al. 1992, Franchito et al. 2008), and most of the
oceanographic dynamics studies in the area address
the mesoscale patterns (Castelao and Barth 2006,
Silveira et al. 2008, Calado et al. 2010) without
detailing the local mid-shelf dynamics or the SACW
intrusion into the euphotic zone.

In addition to this oceanographic complexity,
another important aspect of the CFUS, is the
continental input represented by the presence of
the Paraiba do Sul River (PSR) in the northwestern
portion of the inner shelf (Figure 1). With an average
suspended matter concentration of 35 mg.L™! and
sediment yield of 25-30 tkm2yr! (Jennerjahn
et al. 2010), the PSR contributes dissolved and
particulate material to the CW in a well-established
coastal plume. This riverine contribution is mainly
controlled by the intensity and duration of the rainy
season; the period of highest fresh water discharge is
between December and April (Salomao et al. 2001).

Although the RPS discharge may be lower than
other southeastern Brazilian rivers, Jennerjahn et al.
(2010) suggest that the inputs in the dissolved phase
are of major importance to the continental shelf,
accounting for 80% of the total material load of the
river. Occasionally, the dispersion of the Guanabara
Bay plume can also reach the Cabo Frio shelf,
contributing both dissolved ions and particulate
matter. These contributions to the dissolved and
particulate phases of continental material, associated
with the coastal Ekman transport and eddy-induced
activity in the mid-shelf, can lead to a complex
mixture of signals from different sources and affects
the composition of biogenic elements and the
governing biogeochemical cycles as a whole.

SEDIMENT TRAP MOORING DESIGN AND EXPERIMENTS

We report here data from the CFUS Oceanographic
Observatory (Mooring F-150) located at 23°36'
S - 41°34” W in a 145-m-depth water column at
the continental shelf edge in southeastern Brazil
(Figure 1A). The F-150 mooring design is based on
a 110 m vertical line with the topmost subsurface
buoy positioned at 30 m depth, two sediment traps,
temperature loggers and current meters deployed
in four experiments between November 2010
and March 2012. The two conical sediment traps
(hereafter referred to as STs), PARFLUX Mark 8-13
model (McLane Research Labs) with an aperture area
of 0.66 m?, and 12 500-mL sequential bottles were
installed along the mooring line at depths of 50 m
and 100 m. Upper and lower sediment trap sampling
rates were configured synchronously, varying from
five to seven days for different experiments, except
for the first deployment from November through
December 2010, during which the sampling interval
was three days. Prior to deployment, each sample
bottle was decontaminated and filled with pre-filtered
MilliQ water with buffered (pH=8) formaldehyde
(4%) after adjusting the salinity with marine salt
(RedSea®) to 70 PSU to prevent the bacterial
decomposition of the collected particles and loss
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of bottle water by diffusion (Goswami 2004). The
time frame of these experiments varied between 38
and 98 consecutive days, covering the following
periods: (I) from November 11 to December 19 of
2010, covering the late spring and very beginning
of summer of 2010; (II) from March 15 to June 14,
covering the autumn of 2011; (III) from July 20 to
September 26, covering the winter of 2011; and (IV)
from December 2, 2011, to March 2, 2012, covering
the late spring and summer. These experiments were
labeled F-150#01, #02, #03 and #04, respectively, in
the CFUS Oceanographic Observatory Database.

GEOCHEMICAL ANALYSIS AND FLUXES

To exclude zooplankton swimmers, after each
mooring recovery, the sediment trap samples were
wet-sieved through 1-mm and 500-um meshes
(Silverberg et al. 2006). One-quarter of each sample
was filtered through pre-combusted (450°C/8 h)
and pre-weighed Whatman GF/F membranes (O
= 47 mm) (Grasshoff et al. 1999) and oven dried
(40°C) for 72 hours. Thereafter, the filters were
used for the determination of total mass, and they
were then exposed to HCI vapor to eliminate the
carbonate fraction (Lorrain 2003) in order to
analyze the particulate organic carbon (POC) and
nitrogen (PON) contents and the associated stable
isotopes (8'°C and &'SN). Bulk analyses (POC,
PON, §'°C and §'°N) were performed with an
elemental analyzer (Europa ANCA-GSL) coupled
to a mass spectrometer (PDZ Europa 20-20) at
the Isotope Facility Laboratory, University of
California, Davis, USA.

Isotopic ratios (R) are reported relative to
the international standards of Vienna Pee Dee
belemnite (V-PDB) for carbon and atmospheric N,
for nitrogen following the standard delta notation:

6(%0) = [(Rsample/ Rstandard) -1 ] *1000

Total mass fluxes (TMF) and particulate
organic carbon fluxes (POCy,y) were calculated as
follows:
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Flux = (SF*a) / (A*y).

where SF represents the sample split factor, which
was 4 in this study; a represents the total mass
of the sample for TMF or the mass of organic
carbon for POC flux calculations; A is the area
of the sediment trap funnel opening (0.66 m?);
and vy represents the time (interval) of exposure
or integration per sample (Silverberg and Bahena
2007, Aguinga et al. 2010). All pre- and post-
handling of samples were performed using
protocols registered at LOOP-UFF (Laboratory of
Operational Oceanography and Paleoceanography
— Fluminense Federal University).

PHYSICAL DATA ACQUISITION

Oceanographic data used to compare against
the sediment trap data were collected by a
series of 22 ONSET TidbiT V2 temperature
loggers spaced at approximately 5 m intervals
between 120 and 30 m and by two 400-KHz
Nortek Aquadopp Profilers installed at mid-
water (upward- and downward-looking) that
sampled the entire water column at a 3 m cell
spacing. The sampling rate of each temperature
logger and current meter was adjusted to 30
min. The eastern component of the flow was
decomposed into cross-shelf direction (dotted
line in Figure 1A) defined with respect to the
average direction of the 200 m isobath northeast
of the mooring site. Surface wind speeds during
the observation period were obtained from the
NCEP Reanalysis-2 and plotted at six-hour
intervals. To provide complementary data, the
euphotic zone depth (Z.,) was estimated using
MODIS Chlorophyll-a eight-day composites
(http://oceancolor.gsfc.nasa.gov) and the
algorithm proposed by Morel et al. (2007) and
Shang et al. (2011). The band in Figure 2C
was drawn assuming a 35% error in the surface
chlorophyll estimates from the OC3M band ratio
algorithm (O'Reilly et al. 2000).
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Figure 2 - (A) Regional winds vectors obtained from ASCAT Program, temporal variability of the water column thermal structure.
The 18°C isotherm depth represents the upper temperature limit of South Atlantic Central Water. The grey area represents the
photic zone depth (Zeu) estimated from MODIS/AQUA Chrorophyll 8-day data. (B) Total mass fluxes (TMF), expressed as mg.m-

2 day! and (C) Particulate Organic Carbon fluxes (POCy,,), expressed as mgCOT.m™.day”,

captured in sediment traps between

November 2010 and February 2012. The open circles and triangles represent the 50 m sediment trap (ST-50 m), and the closed

circles and triangles represent the 100 m sediment trap (ST-100 m).

STASTISTICAL ANALYSIS

Spearman rank correlation coefficients were
calculated for the physical and geochemical
parameters measured in the mooring to determine
relationships among variables. The Spearman
correlation coefficient (r) was calculated for a
confidence level of 95% (p<0.05). For the physical
parameters, the euphotic layer (Z.,) was considered
the mean depth of the euphotic band (Figure 2A)
and is expressed as its negative depth related to zero
at the surface; the 18°C isotherm depth represents
the upper limit of SACW and is also expressed as

its negative depth related to the surface.

RESULTS

PHYSICAL PARAMETERS

Offshore winds during the experiments were predo-
minantly from the northeast, occasionally interrupted
by the advance of atmospheric cold front passages
when the wind direction rotated to the southern
quadrant, especially during the autumn-winter
months (April to September) (Figure 2). A depth-
dependent time series of the water temperature
revealed the quasi-permanent presence of SACW
(T < 18°C) at the bottom layers of the water
column. A high-frequency vertical displacement
of the 18°C isotherm was observed throughout the
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sampling period; however, both the frequency and
the intensity of the isotherm downwelling seemed
to have been higher in the summer of 2012, and the
scale of vertical displacement was consistent with
observations by Pereira and Castro (2007). Most of
the time, the SACW was at the depth of the euphotic
zone; nevertheless, during the spring and summer,
a vertical incursion of the 18°C isotherm into the
euphotic zone became more frequent (Figure 2A).
Observed temperatures higher than 18°C may have
been representative of tropical water (TW) and/
or coastal water (CW) or perhaps a mix of both.
Isolated occurrences of warmer temperatures (T
> 24°C) were observed during autumn (March to
June), and these temperatures likely represented the
dominance of the internal front of the BC in the
area (Belem et al. 2013).

MAGNITUDE AND TEMPORAL VARIABILITY OF PARTICULATE

FLUXES IN THE SEDIMENT TRAPS

A total of 98 samples were collected and analyzed,
and the range and statistical parameters (average
and standard deviation) of total mass fluxes
(TMF) and particulate organic fluxes (POCgy,y)
for both sediment traps are summarized in Table
I. There were some inconsistencies in the timing
and magnitude of the fluxes between the two traps
(upper and lower STs), suggesting that lateral

transport may be relevant in some occasions,
especially in deeper layers (below ~50 m depth).
However, the recorded total mass and organic
carbon fluxes are positively well correlated in the
upper (r=0.78) and lower (r=0.80) traps (Table II).
The range of the total mass and organic carbon
fluxes are highly variable throughout the year, with
larger fluxes occurring during the summer season,
whereas lower fluxes were observed during the
winter (Figure 2B, C).

The total mass fluxes (TMF) in the upper ST
ranged from 2.48 mg.m2.day"! in August 2011 to
43.61 mg.m>.day’! in February 2012, whereas in
the lower trap, they varied between 0.41 mg.m
2.day! in August 2011 to 52.70 mg.m?.day’!
in November 2010 (Figure 2B). The particulate
organic carbon fluxes (POCy,y) in the upper trap
varied between a minimum of 0.54 mg.m2.day! in
May 2011 and a maximum of 4.43 mg.m~.day! in
December 2011. For the lower sediment trap, the
POCg,, ranged from 0.21 mg.m?2.day™ in August
2011 to 5.37 mg.m>.day! in November 2010
(Figure 2C). The organic carbon content ranged
from 6.5 to 29% of the trapped total mass.

BULK GEOCHEMISTRY PROPERTIES OF TRAPPED PARTICLES

The bulk geochemical properties of the particulate
organic matter collected by the sediment traps

TABLE I
Minimum, maximum and average values to Total Mass Fluxes (TMF) and Particulate
Organic Fluxes (POCy,,) obtained along the four mooring experiments for the upper
(UST) and the lower (LST) sediment traps deployed in Cabo Frio shelf.

. . TMF (mg.m>.day™) POC (M .m.day?)

Mooring Experiment (ME) Range (Min.—Max)g Avrgz + Std. Dev. | Range (Min.-l(\‘:lax) : Avrgez]t Std. Dev.

ME -1 UST 3.89-23.90 9.50+5.18 1.10-3.90 2.09+0.81

(Late Spring 2010) LST 1.06 — 52.70 15.27 £ 14.54 0.50 — 5.40 2.01 £1.45

ME —II UST 3.54-13.90 7.56 +£2.84 0.54 -3.40 1.87+£0.76

(Autumn 2011) LST 2.62-20.90 8.14 £ 6.33 0.33-2.00 0.97 +£0.55

ME — 111 UST 248 -6.75 4.06 +1.38 0.71-1.85 1.21+041

(Winter 2011) LST 0.41-37.49 8.05+10.84 0.21-2.11 0.58 £0.53

ME -1V UST 5.48 —43.61 21.23 £13.69 1.09 —4.43 2.39+1.25

(Spring 2011 — Summer 2012)  LST 5.05-45.44 16.22 + 10.95 0.38-1.78 1.05 +0.39

Note: UST=Upper Sediment Trap (50 m); LST=Lower Sediment Trap (100 m)

An Acad Bras Cienc (2014) 86 (2)
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TABLE 11
Spearman rank correlation coefficients on

measured parameters for a 95 confidence level®.

18°C
"Z.  isotherm  TMF POC,, %POC % PON C/N s°C
depth
UPPER ST (50m)
18°C isotherm depth 0.513
TMF -0.579 -0.297
POC;,, -0.421  -0.295 0.785
% POC 0.419 0.205 -0.621 -0.085
% PON 0.529 0.268 -0.725 -0.331 -0.819
C/N -0.203 0.010 0.229 -0.085 0.026 -0.473
3"C 0.024 -0.048 0.031 0.185 0.204 0.195 0.033
3N 0.135 0.407 -0.257 0.057 0.513 0.232 0.558 0.134
LOWER ST (100m)
18°C isotherm depth 0.513
TMF -0.267 -0.182
POC,,, -0.401  -0.145 0.804
% POC -0.132 0.180 -0.602 -0.068
% PON 0.144 0.348 -0.680 -0.286 0.820
C/N -0.285 -0.268 0.347 0.338 -0.191 -0.662
3"C -0.245 -0.027 0.443 0.677 0.101 -0.170 0.411
3N 0.012 0.121 0.112 0.386 0.294 0.113 0.245 0.559

*Numbers in bold/italic represent significant correlations at p<0.05. °Z,, position is presented by its mean depth.

showed a wide range of values (Figure 3). Both
the maximum and minimum POC content were
recorded in the lower ST, which oscillated from
23.1 mg.g!in December 2011 to 491.1 mg.g"! in
August 2011, whereas in the upper trap, a narrower
range was recorded, varying between 49.9 mg.g™!
and 417.4 mg.g”!, both in December 2011. The C/N
ratios varied between 2.2 and 6.4 in the upper ST and
from 2.1 to 11.9 in the lower ST, with no clear pattern
associated with the seasons. The organic carbon and
nitrogen stable isotope compositions also exhibited a
wide range, which may represent different mixtures
from multiple sources. Organic §'°C values ranged
between —21.6 and —25.6%o in the upper ST and
between —21.4 and —27.3%o in the lower ST, which
recorded most of the lighter values. Similar to stable
carbon, 8'°N also exhibited a large variance, from
6.6 to —4.0%o0 and from 5.9 to —4.7%o in the upper and
lower STs, respectively (Figure 3).

PHYSICAL AND GEOCHEMICAL STATISTICAL COUPLING

Spearman's rank correlation analysis between the
physical and geochemical data showed that the
upper and lower STs exhibited different geoche-
mical responses to physical forcing (Table II).
It is important to emphasize that, although the
correlationsbetweensomephysicaland geochemical
data were statistically significant (p < 0.05), they
were relatively weak. This finding can basically be
explained by differences in the sampling frequency
between physical and geochemical data but also by
the synergistic effect of multiple physical forcing
factors. Similar results were found by Belem et al.
(2013) working only with physical variables. Under
these conditions, statistical significance was useful
as a tool to highlight potential causality between
physical forcing and geochemical parameters.

In the upper ST, both total mass and particulate
organic carbon fluxes were negatively correlated
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Figure 3 - Bulk geochemical scatterplot graphics for particles trapped on the Cabo Frio Upwelling System during
the four mooring deployments. (A) Scatterplot graphic between particulate organic carbon (POC) and C/N ratio;
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with euphotic layer depth (r=-0.58 for TMF and
=-0.42 for POCy,y), indicating that light penetration
is relevant to the upper trap fluxes and suggesting
that local primary productivity may be important to
the fluxes in the upper layer. Furthermore, TMFs
and POC fluxes were also correlated with the depth
of'the 18°C isotherm (r=-0.30 for both correlations).
Although it is a weak correlation, its significance
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confirms the importance of the nutrients reaching
the euphotic zone to the mass and organic carbon
fluxes. Most of the bulk geochemistry data (i.e.,
POC content, C/N ratios and stable carbon isotopes)
in the upper trap showed no significant correlation
with physical parameters. However, the §'°N signal
is an exception because it shows a significant and
positive correlation with the depth of the 18°C
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isotherm (r=0.41), indicating that the degree of
isotopic fractionation recorded in the particulate
trapped material may depend on the availability
of nutrients. Among the geochemistry parameters,
TMF showed a negative correlation with POC
content (r=-0.62), indicating that the higher the
mass fluxes, the lower the organic content, which
marks the effect of dilution by lithogenic and/or
carbonatic material. In addition, the §'°N signal
was positively correlated with both POC content
(r=0.51) and C/N ratios (r=0.56).

In the lower ST, TMF data showed no
correlation with any of the physical parameters,
whereas it showed a significant correlation with
most of the bulk geochemical parameters, indicating
that oceanography conditions has less control over
the TMF and providing a strong signal of its source.
In addition, the POC fluxes exhibited a significant
correlation with euphotic layer depth (r=-0.40),
demonstrating that the vertical transport of local
productivity could not be ignored. However, in
contrast to the upper ST observations, a correlation
between POC fluxes and 18°C isotherm depth was
not recorded. POC fluxes were also positively
correlated with C/N ratios (r=0.34) and §'3C
(r=0.68) and &N signals (r=0.39), reaffirming
that there is a strong relationship between lower
ST fluxes and their sources. Among the bulk
geochemical parameters, organic 8'3C values were
correlated with TMF (r=0.44), POC fluxes (r=0.68)
and 8'°N values (r=0.56), suggesting that higher
fluxes carry lighter carbon isotopes and that they
partially come from land-delivered material, which
is also consistent with their lower §'°N values.

DISCUSSION

PHYSICAL PARAMETERS AND TEMPORAL VARIABILITY OF

PARTICLE FLUXES

The variability of the thermal structure on the
Cabo Frio shelf edge is not dominated by a single
factor. Instead, it is related to the action of multiple

factors, such as the influence of the BC front,
cross-isobath transport and wind-stress-curl-driven
upwelling (Belem et al. 2013). Therefore, a number
of different mechanisms combine to control the
magnitude and timing of particulate sources and
fluxes on the shelf edge. These mechanisms may
include incursions of the internal front of the BC on
the shelf (and it’s associated meanders and eddies
on the shelf edge), the availability of SACW on the
bottom layers and the dispersion of coastal plumes.
The primary production induced by the intrusion
of nutrient-rich SACW in the euphotic layer is also
enhanced by the local action of the wind stress
curl. The combination of all these physical factors
plus the associated biological effects might have
produced the diverse geochemical events that were
recorded in the upper and lower ST.

The mid-shelf wind pattern confirmed the
expected seasonality. The predominant northeast
winds exhibited frequent reversals in their direction
during the winter due to the passage of frontal
systems propagating northward. According to
Castro et al. (1987), southern-quadrant winds are
associated with SACW downwelling and its retreat
toward the shelf edge. Nevertheless, our mooring
data do not show a clear direct correlation between
mid-shelf winds and SACW (or 18°C isotherm)
depth, confirming the findings of Belem et al.
(2013), who showed that the thermal structure of the
water column on the Cabo Frio shelf edge responds
to multiple interacting factors and not only to the
wind stress. Based on these observations, we can
assume that processes related to the timing and
magnitude of particulate fluxes on the mooring site
are not exactly the same as those operating on the
coastal upwelling area, where the dynamics are
regulated almost completely by the wind stress
(Lorenzetti and Gaeta 1996).

The thermal structure of the water column
on the Cabo Frio shelf edge was quite variable,
exhibiting high oscillations at hourly or daily tidally
induced frequencies (Figure 2A). Although it seems
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that there is a seasonal signal in the hydrodynamics
affecting the variability in the depth of the 18°C
isotherm, a clear pattern was not detected. The depth
of'the 18°C isotherm, which marks the upper limit of
the SACW, oscillated between 60 and 110 m, with
an average depth of approximately 70 m during all
experiments, and intruded into the euphotic zone
multiple times, identified here as SACW intrusions
that act as injections of nutrients in the surface layer.
Sub-surface temperatures changed throughout the
year, with higher temperatures up to 24°C during
the autumn, suggesting that the BC internal front
oscillated closer to the shelf.

Examining the variability of the total mass
and organic carbon fluxes with respect to the water
column thermal structure and light penetration
provided insights into the mechanisms that cause
such variations (Figure 2B,C). The significant
correlation obtained among the total mass and
organic carbon fluxes and physical parameters
(euphotic layer and 18°C isotherm depth) in
the upper trap indicates that the local physical
condition is determinant on the fluxes recorded.
In contrast, in deep layers, physical parameters
seem to be less important, as shown by the
fluxes in the lower ST. Only POC fluxes showed
a significant correlation with the euphotic layer
above, suggesting that even the local physical
conditions are not primarily relevant, but at
least some of organic carbon fluxes are provided
through the settling of particles from the upper
layer (Table II). The lack of coherence between
the magnitude of the fluxes recorded in the upper
and lower STs contributed even more complexity.
At the same time, this result also provides some
understanding of the particle sources in both traps.
In this sense, whereas the upper sediment trap
fluxes appear to be related to local productivity
variability, the lower ST seems to exhibit a
combination of particles resulting from vertical
settling in addition to long-distance laterally
transported material.
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Despite the fact that there is no obvious
seasonal pattern for all fluxes, based on the timing
and magnitude of the main peaks, two main types
of physical-geochemical coupling scenarios were
recognized: (1) Condition #1: TMF and POC fluxes
are coincident with the intrusion of the 18°C isotherm
(SACW) in the euphotic zone, even assuming some
delays. This condition occurred mostly during spring-
summer, e.g., November 2010 and May and December
2011. (2) Condition #2: complete decoupling among
fluxes and the depth of the 18°C isotherm (i.e., the
presence of SACW in shallow layers). In these cases,
regardless of the variation of the depth of the 18°C
isotherm, the fluxes did not change much. Condition
#2 is mainly representative of autumn-winter flux
variability and can also be associated with the more
intense presence of the internal front of the BC
(Belem et al. 2013). The absence of data on nutrient
levels and biological structure on the shelf edge area
affects our understanding of the variability of these
fluxes. However, because the higher mass and organic
carbon fluxes are coincident with the rainy season,
when river runoff is enhanced, we hypothesize that,
in addition to the nutrient availability due to the
almost constant presence of SACW in the euphotic
layer, there is also a fertilizing effect provided by
riverine plumes spreading on the shelf. Furthermore,
lithogenic riverine particles may also contribute
as settling ballast, as demonstrated in the works of
Thunell (1998) and Armstrong et al. (2001).

Overlapping the two main physical-geochemical
coupling scenarios, singular downwelling events
can enhance the particle fluxes, as observed in
the experiment of May 2011. This unusual event
may be related to the BC oscillation and small
eddy-induced circulation on the shelf, which can
influence particle settling. Although our data are
restricted to a single location at the shelf edge,
which prevents the accurate identification of
eddy activity, previous studies have shown the
role of BC eddies and meanders on the Cabo Frio
shelf (Calado et al. 2008). O’Brien et al. (2013),
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studying particles fluxes in the Arctic Ocean,
also observed an increase in mass fluxes in the
sediment traps due to a downward eddy effect. In
contrast, a few events of warm-water downwelling
occurred during the experiments, e.g., in July 2011,
without similar particle-settling responses, which
complicates the definition of a singular mechanism
of sedimentation.

BULK GEOCHEMICAL PROPERTIES AS A PROXY FOR MULTIPLE

SOURCES

The bulk organic matter data on the Cabo Frio
continental shelf also exhibited a wide range of
values, indicating multiple sources of particulate
material. Two major sources appear to dominate
fluxes in different degrees of mixture: marine
phytoplankton-derived material from surface
waters and long-distance transported land-derived
material. The total mass fluxes in the upper ST
were significantly correlated with OC content,
showing that higher fluxes present a high content
of organic carbon. This finding suggests a clear
marine contribution to the particulate material.
However, the fluxes of neither total mass nor
POC were correlated with the bulk geochemical
parameters, suggesting a high variability in the
sources of particles caught in the upper sediment
trap. In contrast, the fluxes of both TMFs and
POC in the lower ST were significantly correlated
with most of the bulk geochemical proxies. Total
mass fluxes exhibited a negative correlation with
OC content, showing an inverse pattern compared
to that recorded in the upper ST. Therefore, we
can conclude that the higher the total mass fluxes,
the lower the OC content. In this case, the results
suggest an influence of lithogenic material in
the lower trap, which points to a relevant land-
derived material that is laterally transported.
This observation is corroborated by the positive
correlation found between the C/N ratio and "*C
data with total mass fluxes. Finally, POC fluxes in
the lower ST were also positively correlated with

the C/N ratio, 8"°C and 6"°N data, which confirms
the relevance of long-distance-transported land-
derived particles in the lower sediment trap
(Table II).

In contrast to what was observed for the fluxes,
the organic carbon (OC) content did not show
any seasonal variability (Figure 3). The mostly
organic carbon-enriched material was caught in
the upper ST, which is consistent with a record
of local productivity, whereas the organic carbon-
poor material caught in the lower trap confirms
its primarily long-distance origin. Despite this
evidence, the C/N ratio is mostly representative
of fresh marine sources for both traps. Extremely
low C/N values of approximately 2 were recorded
during the winter, mainly in the lower ST,
suggesting bacteria-derived organic matter (Meyers
and Teranes 2001, Ogrinc et al. 2005, Sampaio et
al. 2010). However, the organic carbon content of
these low-C/N ratio samples varied widely, ranging
from less than 50 mg.g! to the higher OC content of
500 mg.g"', indicating different degrees of bacterial
colonization, which provide clues about the distance
that the material was transported. Higher C/N
values, approximately 10-12, were recorded in the
lower ST during summertime and showed relatively
low OC content, indicating more refractory organic
matter (Figure 3A). The 8"°C signal of the organic
carbon-poor material caught in the lower sediment
trap showed the largest recorded range, varying
between -27.3 and -21.4%o, confirming its origin
from multiple sources (Jasper and Gagosian 1990,
Tesi et al. 2007). Particles from autumn and winter
experiments (Moorings Il and III) registered a
lighter 6"°C signal, typically indicating a high
contribution of land-derived material. Data from
the signal-to-noise ratio obtained from the current
meters and corrected for the distance from the
equipment at the mooring site (not shown here)
indicate that resuspension is not significant or is
even absent. However, the current strength remains
high down to just 10 m above the sea floor; thus,
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long-distance transport is still supported. In contrast
to the lower ST, the upper trap exhibited a narrower
range of 8'°C values (-21.6 to -25.6%o), suggesting
a predominance of marine organic matter and a
lower degree of marine-land mixture (Figure 3B).

Assuming that the typical 8'°N of marine
nitrate ranges between 5 and 6%o (Liu and Kaplan
1989, Sigman et al. 2000, Robinson et al. 2012)
and that particulate 8'°N variations mainly reflect
isotopic fractionation due to N-nutrient uptake in
the euphotic layer but also some degree of organic
matter source changes (Alt-Epping et al. 2007), the
low mean values recorded for the particulate 6'°N
(2-3%0) in Cabo Frio may reflect the influence of
the western boundary oligotrophic current on the
shelf edge. High 6'°N values, approximately 6%o,
were recorded during autumn-winter in the upper
sediment trap, suggesting that N-nutrient uptake
was not high enough to produce a shift in the nitrate
isotopic range (Robinson et al. 2012). In contrast,
almost all spring-summer data present low values
of 8'°N, indicating an isotopic fractionation due
to intensive N-uptake (Figure 3D). These low
8N values may also indicate the occurrence of
nitrogen fixation by diazotrophic cyanobacteria due
to an extreme nitrogen deficiency (Hastings et al.
2003, Alt-Epping et al. 2007, Knapp et al. 2010).
Moreover, very low or negative 5'°N values may
also represent different degrees of mixture with
land-derived material (Alt-Epping et al. 2007)
(Figure 3C, D).

Considering that most particulate material
caught in sediment traps represents a mixture of
sources, as shown by bulk geochemical properties,
we used the carbon and nitrogen stable isotope
ranges of both sediment trap samples and potential
sources to evaluate what the main sources were as
well as the degree of mixture. The stable isotopic
ranges of the Paraiba do Sul River (Kahler and Voss
1996), Guanabara Bay (Carreira et al. 2002) and
Cabo Frio sediments (Mahiques et al. 2005) and
sediment traps (this study) are plotted in Figure 4.
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These results confirm the intense degree of mixed
sources, in which the continental influence is
well marked. Despite this mixing, the particulate
matter caught in the sediment traps does not fully
represent any of the potential sources considered
in Figure 4. Even though the carbon isotopic range
indicates the potential contribution of the Paraiba
do Sul River, and a less significant contribution
from Guanabara Bay, the stable nitrogen signal
in the sediment traps is considerably lighter than
potential sources. Local phytoplankton production
in a nitrate-limited environment mixed in varied
degrees with diagenetic transformed material
seems to be the main source of the particles caught
in the shelf edge traps. Moreover, the predominance
of vascular plant sources was also recorded in the
lower ST, confirming the importance of the long-
distance transport of refractory material to the shelf
edge, especially during the autumn and winter.

CONCLUSIONS

Although the Cabo Frio Upwelling System is one
of the best studied coastal areas on the Brazilian
coast, most biological-geochemical research have
focused on the near-shore coastal upwelling zone,
whereas physical studies have mainly been based
on models addressed in regional mesoscale grids.
The present study represents the first insight into
the physical and geochemical coupling mechanisms
on the Cabo Frio continental shelf using one-year-
long moored sediment trap experiments. Our data
showed that there is no direct relationship between
mid-shelf winds and SACW depth on the shelf
edge, represented by the 18°C isotherm depth in
the water column. This fact clearly shows that the
middle and outer shelf are not dominated by a wind-
driven upwelling mechanism that is predominant in
the coastal area. Instead, multiple factors act on the
shelf to modulate the regional circulation (Belem
et al. 2013). These factors include incursions
of the internal front of the Brazil Current on the
shelf, which were recorded in autumn, when the
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sea surface temperature reached up to 24°C. The
regional hydrodynamic complexity was indicated
by the high frequency of the variability in the depth
of the 18°C isotherm, as recorded in the mooring
experiments. No clear seasonal variability was
observed; however, abrupt downwelling events
were more frequent during the summer. Most of
the time, the 18°C isotherm was inside the euphotic

zone, indicating that although there is no upwelling
on the shelf-edge, frequent SACW intrusions on
the euphotic layer might support relevant middle
and outer shelf productivity.
Organiccarbonrepresented only asmall fraction
of particulate fluxes caught in both sediment traps.
An undefined mixture of lithogenic, carbonate and
biogenic silica particles represented more than 75%
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of the trapped materials. Although both sediment
traps recorded different degrees of marine and
land-derived materials, the upper sediment trap was
more sensitive to the variability in local physical
conditions, suggesting a predominance of local
marine phytoplankton-derived organic material.
In contrast, the bulk geochemical parameters in
the lower sediment trap consistently indicated a
relevant contribution of long-distance-transported
land-derived material to the organic fraction. The
particulate matter settling in the Cabo Frio shelf
area seems to be derived from multiple marine and
terrestrial sources. Both the Paraiba do Sul River
and the Guanabara Bay are potential land sources.
Regardless, the material was subjected to an intense
transformation (diagenesis) during its trajectory to
the shelf edge. Finally, despite the fact that there
is no clear seasonal pattern for the flux variability,
the timing and magnitude of the peaks allow us
to recognize two physical-geochemical coupling
conditions: one marked by the correlation between
the upward displacement of 18°C isotherm and
fluxes, which occurred mainly during spring and
summer, and the other marked by the decoupling
between these physical factors, which was observed
during autumn and winter.

Due to the high-frequency variability observed
in the physical oceanography scenario, reflected by
the thermal oscillations of the water column as well as
by the complexity produced by multiple interactions
between the oceanographic forcing and geochemical
processes, major questions about the main drivers of
particulate fluxes and sources remain. Only through
long-term monitoring studies can these important
issues, such as the role of climatic changes on the
regional particulate fluxes and their impact on
primary productivity, be addressed.

ACKNOWLEDGMENTS

The Cabo Frio Upwelling System mooring
program would not have been successful without
the Projeto Ressurgéncia team, especially graduate

An Acad Bras Cienc (2014) 86 (2)

students Igor M. Venancio, Thiago P. Santos,
Manuel Botero, Gabrielle R. Faria and Rodrigo
P. Ramos, and technicians Whertz Salles and
Wladimir Cardoso, who helped with mooring
operations and sample handling in the laboratory.
We are also especially grateful to the anonymous
reviewers for their valuable comments, which
strengthened the manuscript. Finally, this project
was financially supported by the Geochemistry
Network from PETROBRAS/CENPES and by
the National Petroleum Agency (ANP) of Brazil
(Grant 0050.004388.08.9). A.L.S Albuquerque
and B.A. Knoppers are senior scholars from
Conselho Nacional de Desenvolvimento Cientifico
e Tecnologico (CNPq).

RESUMO

Processos fisicos e biogeoquimicos em plataformas
continentais agem sinergicamente, tanto transportando,
quanto transformando o material em suspensdo, enquanto
a dindmica do oceano controla a dispersdo destas
particulas pela zona costeira e sua posterior mistura
na plataforma continental. O sistema de ressurgéncia
de Cabo Frio, localizado na regido Sudeste do Brasil,
se caracteriza por ser um regido de alta produtividade
sob a influéncia da Corrente do Brasil, uma corrente
de contorno oeste oligotrofica, mas também com uma
zona de ressurgéncia costeira induzida pelo vento, o que
produz as intrusdes das dguas frias e ricas em nutrientes da
Agua Central do Atlantico Sul sob a plataforma. Visando
entender as interacdes sinergéticas entre 0s processos
fisicos e biogeoquimicos neste sistema, uma série de
quatro experimentos com armadilhas de sedimentos e
outros sensores fisicos foram fundeados na isobata de 145
metros, no periodo entre novembro de 2010 e marco de
2012. Um total de 98 amostras discretas foram analisadas.
Os resultados mostraram que o transporte lateral pode ser
importante em alguns casos, especialmente nas camadas
mais profundas. Embora ndo tenha sido detectado nenhum
ciclo sazonal claro, dois cenarios de acoplamento fisico-
geoquimicos foram identificados: eventos de subsidéncia

que produzem um aumento nos fluxos de particulas e sdo
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potencialmente relacionados as oscilagdes da Corrente
do Brasil; e eventos de fluxos significativos relacionados
com a intrusdo da isoterma de 18°C na zona euf6tica.
As particulas em suspenséo na plataforma continental de
Cabo Frio representam uma mistura de fontes marinhas
e continentais. Tanto o Rio Paraiba do Sul quanto a Baia
de Guanabara podem ser potenciais fontes continentais,
embora o material particulado possa ainda estar sujeito a
intensa transformacgdo (diagénese) durante sua trajetoria

para a borda da plataforma continental.

Palavras-chave: armadilhas de sedimentos, geoquimica
do particulado, Sistema de Ressurgéncia de Cabo Frio,
fluxo de particulas, Plataforma continental do Sudeste
do Brasil.
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